I. INTRODUCTION
In recent decades, density-functional theory ͑DFT͒ 1,2 has become the most frequently applied methodology in quantum-chemical applications. This success has been a result of an attractive balance between the accuracy of the results obtained and low computational cost. The Achilles' heel of the method, however, is the need to approximate the unknown exchange-correlation ͑XC͒ functional, E xc ͓͔. The lack of a systematic hierarchy of DFT functionals that converge to the exact E xc ͓͔ means that, to assess the accuracy of the plethora of XC functionals in common use, benchmarking against accurate experimental or theoretical data is essential. The focus of this paper is the generation of and comparison with the latter.
Typically, the development of new DFT functionals has emphasized the importance of thermochemical properties, which play such a central role in chemistry. Nowadays, however, DFT is often also used to study response properties, representing the interaction of molecular systems with externally applied electromagnetic fields. Their calculation provides different challenges for E xc ͓͔ approximations. In the present paper, we consider two related second-order magnetic response properties, namely, rotational g tensors and magnetizabilities.
In contrast with DFT, the coupled-cluster methodology provides a systematic route toward the exact description of the electronic system. 3 Thus, while the full configurationinteraction ͑FCI͒ wave function is computationally inaccessible for all but the smallest systems, the coupled-cluster method provides a robust framework for the calculation of molecular properties within a well-defined hierarchy of increasingly accurate methods. Truncating the coupled-cluster expansion at the level of double excitations, we obtain the coupled-cluster singles-doubles ͑CCSD͒ model of reasonable but usually not high accuracy. For higher accuracy, triple excitations are included in a perturbative manner at the coupled-cluster singe-doubles-perturbative-triples ͓CCSD͑T͔͒ level of theory. The latter has been shown to give high-accuracy results in a variety of applications and is typically the benchmark against which other methodologies are compared. Recently, it has become possible to utilize DFT and coupled-cluster methods in conjunction with ͑rotational͒ London atomic orbitals ͑LAOs͒ [4] [5] [6] [7] to calculate a variety of magnetic properties. In the present paper, we focus on a set of 28 small molecules in order to provide a set of accurate benchmark data. Basis-set extrapolation techniques are employed to obtain estimates of the basis-set-limit quantities. These results provide a useful data set for benchmarking less accurate ab initio methods since one can compare results within the Born-Oppenheimer approximation on an equal footing. By contrast, in comparisons with experimental data, a number of other effects plays an important role, notably, the effects of molecular vibrations, rotations and interactions with the surroundings. Since rotational g tensors can be determined experimentally with a very high accuracy, [8] [9] [10] we account for these effects when comparing our benchmark quantities with experimental data. We refrain from performing a similar comparison for the magnetizabilites as the experimental results are less well characterized, with error bars that do not allow for a meaningful discrimination between ab initio methods.
In the literature, a number of assessments of DFT functionals in the calculation of magnetic response properties have been reported. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] However, a consistent set of ab initio data for comparison has been lacking ͑although for nuclear shielding constants some large sets of benchmark data have been reported 22, 23 ͒. In the present work, we address this shortcoming by providing such a set of rotational g tensors and magnetizabilities, calculated using LAOs at the CCSD and CCSD͑T͒ levels of theory. A similar set of nuclear shielding and spin-rotation constants will be reported in a forthcoming publication.
In Sec. II, we briefly review the calculation of magnetic properties with LAOs in DFT and coupled-cluster methodologies, along with the technique we employ to calculate the zero-point vibrational corrections ͑ZPVCs͒ that are essential for a comparison with experiment. The use of optimizedeffective potentials ͑OEPs͒ 24, 25 and constrained-search 26 methods for the calculation of magnetic properties is also outlined. In Sec. III, we give some computational details of our calculations, including the basis-set extrapolation techniques used to estimate the basis-set-limit quantities. In Sec. IV, a summary of our results is presented ͑extensive extra information may be found in the supplementary material 27 ͒. The benchmark data set is presented in Sec. IV A and errors relative to experimental data, with and without vibrational corrections, are discussed, along with details of convergence with respect to basis set and coupled-cluster excitation level. In Sec. IV B, we use the accurate benchmark data set to investigate the performance of a variety of XC functionals, paying particular attention to the use of OEP methods for the orbital-dependent forms. In Sec. IV C, we compare the performance of coupled-cluster methods with DFT calculations constrained to reproduce the same coupled-cluster density. Finally, in Sec. V, we give some concluding remarks.
II. THEORY
The rotational g tensor, g, and magnetizability tensor, , are examples of second-order magnetic properties and can be identified as the derivatives
where E is the energy, B is the external magnetic field, N is the nuclear magneton, and J is the rotational angular momentum. In these equations, and throughout this paper, atomic units are used unless otherwise indicated.
A. Ensuring gauge-origin independence
A difficulty in the calculation of accurate molecular magnetic properties stems from the fact that, in general, the use of approximate wave functions leads to an unphysical dependence on the gauge origin of the magnetic vector potential. To circumvent this problem in the present work, we use LAOs, also known as gauge-including atomic orbitals. 28 London first proposed imposing gauge-origin independence in molecular calculations by attaching field-dependent complex phase factors to the atomic orbitals. 29 The use of these orbitals for the calculation of magnetic properties is now widespread and often preferred to other procedures for imposing gauge-origin independence due to the more rapid convergence of the properties obtained with respect to the size of basis set employed. Generalized to rotating molecules, 6 the rotational LAOs are defined as
where is a usual atomic basis function, R O is the origin of the vector potential, and I −1 is the inverse of the moment-ofinertia tensor. Use of the rotational LAOs Eq. ͑3͒ ensures gauge-origin independence and rapid basis-set convergence of rotational g tensors as well as magnetizabilities, which are then ͑with the center of mass R CM as the gauge origin for the magnetizability͒ related as
where m p is the proton mass, LAO is the magnetizability tensor calculated with London orbitals, CM dia is the diamagnetic contribution to the magnetizability tensor calculated with conventional orbitals and the gauge origin at the center of mass, and the sum is over all nuclei with charges Z K and positions R K . This relationship means that the implementation of rotational g tensors can be achieved as a straightforward extension to any implementation of LAO magnetizabilities. We use the implementation of LAOs in the DALTON quantum-chemistry package for the Hartree-Fock and Kohn-Sham calculations, [4] [5] [6] and the recent implementation in the Mainz-Austin-Budapest version of the ACES II package for the coupled-cluster calculations. 6, 7 
B. Comparison with experimental values
Experimentally, the magnetizability is often poorly determined or only known in the liquid or solid state, making comparisons between calculated and experimental results difficult. In contrast, gas-phase rotational g tensors are known with very high accuracy. When a molecule rotates, it acquires a magnetic moment proportional to its angular momentum. In an external magnetic field, the Zeeman interaction between this magnetic moment and the external magnetic induction causes a shift in the rotational energy levels. This shift can be observed in gas-phase molecular-beam 8 and microwave Zeeman 9,10 experiments and may be expressed as
where g is the dimensionless 3 ϫ 3 rotational g tensor. Furthermore, since the rotational g tensor is determined experimentally from specific rotational-state transitions where the angular-momentum quantum number usually does not exceed J =5 ͑sometimes even the transition J =0→ 1 is used, see the references of experimental measurements in Table II͒ , we expect the effect of centrifugal distortion of the molecule on the measured g tensor to be small. The high accuracy with which rotational g tensors can be determined experimentally makes them excellent candidates for testing the accuracy of ab initio electronic structure methods provided vibrational effects are taken into account. A variety of methods has been used to calculate these quantities previously, including Hartree-Fock theory, 6 ,30-32 multiconfigurational self-consistent-field ͑MCSCF͒ theory, [33] [34] [35] [36] [37] [38] [39] [40] Møller-Plesset theory, 39 [51] [52] [53] and DFT. 5, 11, 54 In the present work, we calculate the ZPVCs to the rotational g tensor and the magnetizability using perturbation theory, following Ref. 40 using DFT.
C. Optimized-effective potential and constrained-search calculations
In addition to using standard DFT implementations for calculating magnetizabilities and rotational g tensors described in Refs. 4-6, we employ OEP evaluations of the orbital-dependent DFT functionals we consider. 24, 25 Specifically, we employ the Yang-Wu OEP scheme, 55, 56 in which the Kohn-Sham effective potential, v s ͑r͒, is expanded as
where v ext ͑r͒ is the external potential, v 0 ͑r͒ is a fixed reference potential, and the final term is an expansion in an auxiliary basis of Gaussian functions g t ͑r͒. The parameters b t can then be determined by a direct minimization of the total electronic energy with respect to these parameters using an approximate Newton scheme. 56 For the reference potential, we use a slightly modified Fermi-Amaldi 57 potential
where is the proportion of Hartree-Fock-type exchange in the XC energy functional employed, N is the number of electrons, and v J ref ͑r͒ is the Coulomb potential associated with a fixed reference density. This choice of reference potential ensures the appropriate asymptotic behavior of the XC potential for the functionals, containing an amount of orbitaldependent exchange, considered in the present work. In the case of the Coulomb-attenuated functional CAM-B3LYP, the amount is determined by the long-range exchange contribution. Once the OEP for a given functional is determined, the magnetic properties are calculated in the conventional uncoupled manner.
The constrained search provides an alternative way to determine multiplicative Kohn-Sham potentials. Rather than minimizing an approximate energy expression, the constrained search returns the Kohn-Sham potential, orbitals, and eigenvalues associated with a given density. In the present work, we utilize the constrained-search 26 scheme of Wu and Yang, 58 denoted as WY, to calculate the Kohn-Sham quantities associated with the CCSD and CCSD͑T͒ densities. The scheme is computationally similar to that of the OEP method described above. For a given input density in , we perform an unconstrained maximization of the functional,
with respect to the parameters b t , where the orbitals are the solutions to Kohn-Sham equations with the potential of Eq. ͑6͒. The maximization is carried out using a quasi-Newton algorithm as described in Ref. 58 . The WY scheme is utilized in the present work to calculate rotational g tensors and magnetizabilities. For molecules in a magnetic field, the XC energy depends not only on the density ͑r͒ but also on the current density j͑r͒. The dependence on the latter is usually neglected. The calculation of WY quantities based on CCSD and CCSD͑T͒ densities in comparison with the pure CCSD and CCSD͑T͒ values can therefore give an indication of the importance of the current density in determining these magnetic properties.
III. COMPUTATIONAL DETAILS
A set of 28 molecules ͑see the first column of Table II͒ was chosen to provide a challenging and varied benchmark set amenable to coupled-cluster calculations with large basis sets. Molecular geometries optimized at the CCSD͑T͒/ccpVTZ level were used throughout; the geometries are given in the supplementary material. 27 As discussed in the previous section, LAOs were employed to ensure gauge-origin independence of the results obtained. A range of basis sets was employed from Dunning's correlation-consistent families: [59] [60] [61] [62] cc-pVXZ, cc-pCVXZ, aug-cc-pVXZ and aug-cc-pCVXZ with X = D, T, and Q. Spherical-harmonic basis functions were utilized throughout. To establish a benchmark data set, calculations were carried out using HartreeFock, CCSD, 63 and CCSD͑T͒ 64 wave functions with each basis set. In the coupled-cluster calculations, all electrons were correlated.
To provide an estimate of the Hartree-Fock basis-setlimit properties P HF,ϱ , we used the extrapolation 65 P HF,ϱ = P HF,X exp͑␣X͒ − P HF,Y exp͑␣Y͒ exp͑␣X͒ − exp͑␣X͒ , ͑9͒
with ␣ = 1.63, and where X and Y are the cardinal numbers of the two basis sets used in the extrapolation, and P HF,X is the property calculated at the Hartree-Fock level with basis X.
To provide an estimate of the properties from the correlated wave-function methods in the limit of a complete basis set, we used the expression
where P ϱ is the extrapolated value of the property and P corr,X is the correlation contribution to the property calculated with cardinal number X.
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In the DFT calculations, a variety of XC functionals was employed in several categories: The local density approximation ͑LDA͒, 67,68 the generalized gradient approximations ͑GGAs͒ BLYP, 69, 70 PBE, 71 and KT2 72 ͑the latter developed specifically with magnetic properties in mind͒, the hybrid functionals B3LYP, 73, 74 B97-2, 75 B97-3, 76 and PBE0, 77 and the range-separated hybrid functional CAM-B3LYP. 78 To adhere strictly to the Kohn-Sham framework, the OEP method was also applied for the latter two categories, the results being denoted as O-B3LYP, O-B97-2, O-B97-3, O-PBE0, and O-CAMB3LYP. A number of previous studies considered the calculation of magnetic properties using multiplicative Kohn-Sham potentials, demonstrating consistent improvements. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] To examine the connection between the coupled-cluster and DFT methodologies further, the properties were also calculated from Kohn-Sham effective potentials determined to give the coupled-cluster densities via the WY constrainedsearch method, denoted WY͑CCSD͒ and WY͓CCSD͑T͔͒. In the OEP/WY calculations, the auxiliary basis set used in the expansion in Eq. ͑6͒ was chosen to be the same as the primary orbital basis set. To give an indication whether this choice was sufficient, we also applied the method to the LDA and GGA functionals, for which the same results should be obtained as in the conventional evaluations; in these calculations, we obtained mean and mean absolute relative deviations agreeing to better than 0.1% in the largest basis set considered. The OEP and WY procedures were both carried out with a second-order optimization scheme. 56, 58 The convergence tolerance on the largest absolute value of the gradient elements and the filter used in the singular-value decomposition were set to 10 −6 . All coupled-cluster property calculations were performed using the Mainz-AustinBudapest version of the ACES II program. 79 The remaining calculations were performed using a development version of DALTON.
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IV. RESULTS
A. The benchmark data set
Rotational g tensors
We commence by examining the basis-set convergence of the Hartree-Fock and coupled-cluster g tensors. For the four basis-set families, cc-pVXZ, cc-pCVXZ, aug-cc-pVXZ, and aug-cc-pCVXZ, the mean errors ͑MEs͒, mean absolute errors ͑MAEs͒, maximum absolute errors ͑MaxEs͒, mean relative errors ͑MREs͒, mean absolute relative errors ͑MAREs͒, and standard deviations ͑SDs͒ relative to the vibrationally corrected experimental data are presented in Table I . The vibrational corrections were calculated at the B3LYP/aug-cc-pCVTZ level using the method of Ref. 40 and subtracted from the experimental values to give a set of empirical equilibrium values, see 27 In Table I , the errors in rotational g tensors relative to the empirical equilibrium values are presented, excluding the multireference O 3 molecule from the analysis; for the full analysis and individual g-tensor elements, see the supplementary material. 27 An inspection of the table shows that the addition of core-correlating functions to either the standard or augmented basis-set families leads to only modest changes in the results; the addition of diffuse functions is much more important. It is also noteworthy that, beyond X = 3, the Hartree-Fock results are quite stable for all basis sets, reflecting their rapid exponential convergence toward the basis-set limit as demonstrated by Eq. ͑9͒. For the coupled-cluster results, convergence is slower because of the difficulties associated with describing the electronic cusp, see Eq. ͑10͒.
It is gratifying to note that, in Table I , the smallest errors with respect to the empirical equilibrium constants are observed with the most advanced electronic-structure model in the largest one-electron basis set, namely, at the all-electron CCSD͑T͒/aug-cc-pCVQZ level of theory. We therefore choose to construct our benchmark data set by applying the extrapolation formulas in Eqs. ͑9͒ and ͑10͒ to the aug-ccpCVTZ and aug-cc-pCVQZ results obtained with the CCSD͑T͒ method, yielding the all-electron CCSD͑T͒/augcc-pCV͓TQ͔Z results.
In Table II , we present explicitly the results for the largest basis set employed for the Hartree-Fock, CCSD and CCSD͑T͒ models, along with the CCSD͑T͒/aug-ccpCV͓TQ͔Z benchmark data set, empirical equilibrium values, and experimental values. The errors with respect to both the empirical and experimental values and the benchmark data are presented in Table III . In each case, O 3 has been excluded from the error analysis; the full error analysis is reported in the supplementary material. 27 The results follow the trends expected, with the CCSD͑T͒/aug-cc-pCVQZ results being closest to the benchmark data set, from which it differs only by the application of basis-set extrapolation in the latter set. In both cases, the effect of adding vibrational corrections is striking, leading to a factor of 2 improvement in the errors, for example, the MARE of the benchmark set is reduced from 5.1% to 2.5%.
Magnetizabilities
As discussed in Sec. II, the calculation of rotational g tensors is closely related to that of magnetizabilities via Eq. ͑4͒. Given this close relationship, we expect that methods well suited to the calculation of rotational g tensors should also be well suited to the calculation of magnetizabilities. However, as discussed in Sec. II B, it is often difficult to obtain reliable gas-phase experimental data for comparison with calculated results. As such, we refrain from comparing our results directly with experimental data.
In Table IV , we present magnetizabilities calculated at the Hartree-Fock, CCSD and CCSD͑T͒ levels of theory in the aug-cc-pCVQZ basis set as well as the CCSD͑T͒/aug-ccpCV͓TQ͔Z benchmark results. Vibrational corrections calculated at the B3LYP/aug-cc-pCVTZ level of theory are presented in the final column. In the absence of reliable experimental data, the errors in Table V are quoted relative to the benchmark data set only. Values for all other basis sets considered may be found in the supplementary material. 27 The utility of this data set for benchmarking purposes is demonstrated in the next section.
B. Benchmarking the DFT functionals
In the present section, we examine the accuracy that several popular XC functionals provide in the calculation of rotational g tensors and magnetizabilities, by comparison with the all-electron CCSD͑T͒/aug-cc-pCV͓TQ͔Z benchmark data and, in the case of rotational g tensors, with experimental data. For all the orbital-dependent XC functionals, we also examine the corresponding OEP results.
Rotational g tensors
The errors for the conventional DFT/aug-cc-pCVQZ results relative to the benchmark set, empirical equilibrium values, and experimental values are contained in Table VI . In evaluating the statistical errors, the O 3 results were excluded from the analysis; the full analysis is presented in the supplementary material. 27 The g tensors for all the individual molecules are given in the supplementary material. 27 From an inspection of Table VI, a number of trends becomes apparent. First, we consider the comparison with experimental values. Here the LDA functional stands out as being particularly poor with MARE and MRE values of 10.4% and Ϫ7.8% respectively, the SD is also rather large. For the GGA functionals BLYP and PBE, the MRE and SD values are improved but the MARE values remain similar. The KT2 functional, which was designed specifically for the calculation of magnetic properties, clearly stands out from the other functionals when compared with the experimental values; it has the lowest ME, MaxE, MRE, and SD values and is a substantial improvement over LDA and other GGA functionals. For the hybrid functionals B3LYP, B97-2, B97-3, and PBE0, the errors are also a considerable improvement over LDA and standard GGAs. However, although their MAE values are competitive with KT2, their ME, SD, and MaxE values are much worse. Finally, it is noteworthy that the CAM-B3LYP functional does not offer further improvement, the results being similar in quality to PBE0. When performing comparisons directly with experiment, we neglect vibrational and rotational effects. Since rotational effects are small and most experimental measurements determine the g tensor from low rotational transitions, these are neglected in the present work. However, to correct for the much larger vibrational effects, we calculated ZPVCs at the B3LYP/aug-cc-pCVTZ level. These ZPVCs have then been subtracted from the experimental values in Table II to give the empirical equilibrium values listed in the same table. We now consider benchmarking the DFT functionals relative to this data.
It is noteworthy that, for all the DFT functionals in Table  VI , the addition of vibrational corrections leads to a degradation in the quality of the results. While the conclusions above about the relative accuracy of the functionals based on the ME and SD values are still valid, these quantities consistently increase when ZPVCs are taken into account. Furthermore, the KT2 functional, which was outstanding when compared directly with experimental data, becomes comparable in quality to the B97-2 functional. The reduced quality of the KT2 functional in comparison with empirical values reflects the fact that the training data set used in its construction did not properly take into account vibrational corrections. The data provided here suggest that some reparametrization may be desirable and highlight the need for a systematic benchmark data set as presented in the present work. Finally, comparing the DFT results with our CCSD͑T͒ benchmark set, we observe a further systematic increase in the errors, although small. The modest size of this shift indicates that our CCSD͑T͒ benchmark set is well converged toward the BornOppenheimer solutions.
We now turn our attention to the OEP results for rotational g tensors, the supplementary material 27 contains results for the individual molecules. As reported in our previous work, 11 the application of the OEP procedure to the calculation of g tensors leads to considerable improvements; see the statistical errors listed in Table VII . The O-B97-2 and O-B97-3 methods appear particularly impressive with all error measures improving over the KT2 functional. When ZPVCs are considered, a similar degradation in the quality of the results is observed, although the systematic improvement due to the application of the OEP procedure is maintained. Again a similar shift is observed on changing the comparison to the CCSD͑T͒ benchmark data set. Among all the DFT methods presented, the best overall performance is given by the O-B97-3 method, which consistently has the lowest error measures compared with either experimental or empirical equilibrium values. In comparison with the CCSD͑T͒ benchmark set, all the O-B97-3 measures except the MARE are the lowest among all XC functionals.
In Fig. 1 , we present the normal distributions of the errors relative to our benchmark set for the DFT functionals considered here. The results are presented on a common scale to make them comparable with the CCSD results. Although the best DFT methods are a substantial improvement Table II .
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Benchmarking g tensors and magnetizabilities J. Chem. Phys. 131, 144104 ͑2009͒ over the LDA and standard GGA methods, they cannot compete with CCSD theory. However, all of the results presented in Fig. 1 , including the CCSD results, are eclipsed by the very high quality of the CCSD͑T͒ results. The quality of the CCSD͑T͒ results is clear in Table III , for the largest basis set considered, where all the error measures relative to benchmark, empirical equilibrium, or experimental values are systematically and substantially improved over the CCSD results.
To rationalize many of the trends observed, we present in Fig. 2 a simple What is also clear from Fig. 2 is that the quality of the functionals can be rationalized by grouping them in terms of the information on which they are based. The LDA model, which uses only the local density, performs poorly; addition of the density gradient improves results for the GGA group. Next, the addition of a dependence on the occupied orbitals leads to further improvement for the hybrid functionals. The application of the OEP method to these functionals brings them back into the Kohn-Sham framework, resulting in further improvement due to their improved virtual eigenvalue spectrum. [15] [16] [17] [18] It is again noteworthy that the range separation introduced for the CAM-B3LYP and O-CAM-B3LYP methods does not lead to significant improvements in their respective groups. Since the DFT XC functionals are not All-electron/aug-cc-pCVQZ basis.
systematically improvable, the quality of the groups can overlap. A case in point here is the KT2 functional, which stands out from the GGA group of functionals as being competitive with the hybrid and OEP methods. Figure 2 is essentially an illustration of the lower rungs of Perdew's "Jacob's ladder" of functionals. For further improvements, it is likely that dependence on all orbitals needs to be considered and the OEP method will play a vital role in these Kohn-Sham calculations. Some examples of such functionals are already appearing in the literature. [81] [82] [83] [84] [85] [86] [87] [88] Throughout our analysis, we excluded the O 3 molecule due to its multireference nature. As may be expected, its Table II. FIG. 1. Normal distributions of the errors in the rotational g tensors relative to the CCSD͑T͒/aug-cc-pCV͓TQ͔Z benchmark data set for the set of molecules excluding O 3 using the aug-cc-pCVQZ basis set. 
Magnetizabilities
In the present section, we compare the DFT magnetizabilities with the data in Table IV , which contains magnetizabilities calculated with Hartree-Fock and coupled-cluster methods in the aug-cc-pCVQZ basis and the CCSD͑T͒/augcc-pCV͓TQ͔Z benchmark data set. The error measures of the conventional DFT results in the aug-cc-pCVQZ basis are presented in Table VIII . The calculated DFT magnetizabilities are given in the supplementary material 27 together with error measures for other basis sets.
The LDA, BLYP, and PBE results are consistently worse than the Hartree-Fock results on all the error measures, whereas the KT2 results are comparable with the HartreeFock results, with small improvements except in the ME and MRE measures. Similar statements hold for the B3LYP, B97-2, B97-3, and PBE0 hybrid functionals, the B3LYP results being superior. Remarkably, the only functional that consistently improves on the Hartree-Fock results is the CAM-B3LYP functional, which also represents approximately a factor of 2 improvement over the LDA functional but is still not competitive with the CCSD model.
In Table IX , the error measures of the OEP evaluated magnetizabilities for the orbital-dependent functionals, compared to the benchmark values of Table IV , are presented. For the O-B3LYP, O-B97-2, O-B973, and O-PBE0 methods, all error measures consistently improve on the conventional evaluations. For the O-CAM-B3LYP method, the ME, MAE, MRE, and MARE measures improve slightly, while the MaxE and SD measures degrade slightly. Normal distributions of errors relative to the CCSD͑T͒ benchmark set are presented in Fig. 3 . From this figure, it is clear that, while the ME is improved by the best DFT methods, the SD of the errors is not dramatically improved.
Given the close relationship between the magnetizabilities and g tensors shown in Eq. ͑4͒, it is interesting to compare the accuracies with which these properties are calculated. Comparing the MREs and MAREs in Tables VI and  VII with those in Tables VIII and IX , the errors in the g tensor appear larger. However, noting from Eq. ͑4͒ that the first term is an electronic contribution that varies with the method employed, whereas the second term is a nuclear contribution constant for all methods, it is perhaps more instructive to consider the errors in the electronic contribution only. In practical calculations, the small g-tensor values are often due to a cancellation of the larger negative electronic and positive nuclear contributions. Furthermore, the electronic contribution clearly has an intimate relationship with the magnetizabilities and so the MREs and MAREs corresponding to this component should be more directly comparable. This is indeed the case, for example, the O-B97-3 method gives MRE and MARE values of 1.3% and 1.6%, respectively, which are very similar to the MRE and MARE values for the magnetizabilities of 1.4% and 1.4%, respectively. Figure 4 presents a plot of the MRE relative to the benchmark set for the different methods. Again, the DFT functionals are grouped according to the information on which they are based. Except for the CAM-B3LYP, O-B3LYP, and O-CAM-B3LYP methods, all errors are larger in magnitude than the Hartree-Fock errors. The spread of the results within each functional grouping is also much larger. The KT2 functional, while still being the best GGA, offers a more modest improvement over the other GGAs. The best DFT method here is clearly the O-CAM-B3LYP method. 
C. Constrained search results
As has been done throughout the present work, the common approximation when calculating Kohn-Sham magnetic properties is to neglect the current dependence of the XC functional in a magnetic field, that is, E xc ͓ , j͔ϷE xc ͓͔. However, the size of this approximation is largely unknown and only a few implementations 89 for the calculation of molecular properties including current dependence explicitly have been made. Most of these use the Vignale-RasoltGeldart ͑VRG͒ XC functional. 90, 91 While current-density effects are expected to be small, it is not clear in what cases the current is actually negligible. For example, Handy and co-workers 89 found that, for HF and H 2 O, the effect of including current-dependent terms in the determination of magnetizabilities was of the order of 0.2ϫ 10 −30 J T −2 . However, for CO and N 2 , where a magnetic field perpendicular to the bond axis induces a strong paramagnetic current, the effect was more significant and of the order of 5 -10 ϫ 10 −30 J T −2 . In the context of Tables VIII and IX, Since, in the present work, we computed CCSD and CCSD͑T͒ results in a consistent fashion for comparison with Kohn-Sham DFT results, it is informative to consider KohnSham calculations constrained to give the coupled-cluster densities. 12, 13 27 If the current dependence of the XC functional was indeed negligible, then one would expect the WY results to be very similar to the CCSD and CCSD͑T͒ ones.
From the error analysis of rotational g tensors in Table  X , it is clear that the WY͑CCSD͒ and WY͓CCSD͑T͔͒ methods underestimate the CCSD and CCSD͑T͒ results systematically. A similar systematic underestimation was observed when comparing DFT results to the benchmark data in Sec. IV A. Over this subset, our best DFT method O-B97-3 gives MRE, MARE, and SD values of Ϫ2.1%, 5.8%, and 0.0232, respectively, compared with the CCSD values; compared with the CCSD͑T͒ values, the corresponding deviations are Ϫ0.5%, 4.7%, and 0.0153, respectively. Given that these errors are somewhat similar to those in Table X , it would seem desirable to investigate further the current dependence of the more accurate XC functionals in Table VI in an attempt to obtain higher accuracy. The inclusion of a current dependence may indeed aid in the interpretation of the results since, in the present case, for example, error cancellations may be introduced between the accuracy of the ground-state density obtained from a given XC functional and the lack of current dependence in the subsequent evaluation of the response properties.
For the magnetizabilities a similar trend is observed. The DFT functionals systematically overestimate the magnetizability in a similar fashion to the WY values, see Table XI . 89 For N 2 and CO, however, the shifts are larger, consistent with the previous work, but have opposite sign. Given that the previous study did not adequately address the gauge-origin independence of the results obtained, further investigation of the current dependence is warranted.
V. CONCLUSIONS
In the present work, we calculated a set of benchmark rotational g tensors and magnetizabilities using ͑rotational͒ LAOs and coupled-cluster methods. The analysis of the basis-set dependence in Sec. IV A revealed the importance of augmenting the basis sets with diffuse functions rather than core-correlating functions and that reasonably converged results are obtained at the aug-cc-pCVQZ level. Extrapolation techniques were applied to the results from the two largest basis sets to give an estimate of the basis-set-limit quantities. We believe that this set of results provides a useful test set for benchmarking a variety of ab initio methods. This was corroborated in the case of rotational g tensors by a careful comparison with accurate experimental results.
In Sec. IV B, we used our benchmark data set to compare the accuracy of a variety of density functionals. The importance of considering vibrational corrections in comparison with experimental values for the rotational g tensors was clearly illustrated. Indeed, these corrections are essential to reveal the true accuracy of the coupled-cluster calculations. Conversely, they degrade the DFT results systematically, the results being close to experiment without the consideration of vibrational corrections but too low when these corrections are added. For the magnetizabilities, a comparison with experiment was not possible because of the large experimental error bars. However, a comparison with our benchmark set revealed that the variations between the quality of the different XC functionals are not large and the results are not comparable in quality to the coupled-cluster approaches. To reconcile this finding with the observations for the g tensors, the relationship between the two properties was discussed and relative errors for only the electronic contribution to the g tensors ͑the nuclear contribution being method independent͒ were compared, revealing a similarity between the quality of the two properties at the various DFT levels. In this context, it is clear that the calculation of magnetizabilities and rotational g tensors remains difficult for DFT. It is noteworthy that, for both properties, the DFT and coupled-cluster values approach the benchmark values ͑or empirical equilibrium values͒ from opposite sides, the systematic nature of the improvements in the wave-function results being clearly evident in Figs. 2 and 4 . While the DFT functionals grouped by category show a general trend of improvement, this trend is not systematic. For practical applications one must, as always, bear in mind that the systematic improvability and high accuracy of the coupled-cluster calculations comes at a much higher computational cost than is required for the DFT calculations.
The present study highlights the need for careful consideration of vibrational corrections when developing new approximations in DFT and evaluating existing ones, as illustrated by the fact that the KT2 results are close to experimental results but degrade when vibrational corrections are considered. This is not a surprising result since the data set on which this functional was trained did not fully and uniformly consider vibrational effects. The OEP evaluations clearly also benefit from some error cancellation when compared directly with experiment. However, the systematic improvement in moving from conventional to OEP evaluations of the same functionals still remain when compared with the benchmark values.
To make a more direct comparison between the DFT and coupled-cluster results, we considered DFT calculations constrained to give the coupled-cluster densities. In these calculations, as in the other DFT calculations presented in this paper, we employed the approximation E xc ͓ , j͔ϷE xc ͓͔, which is common practice in the calculation of DFT magnetic response properties. The results presented in Sec. IV C show that the errors in these WY calculations are similar to those observed for the "best" DFT functionals in the present study. Since one possible source of the difference between the WY values and the pure coupled-cluster numbers is the approximation introduced by neglecting the current dependence of the functional in the response calculation, we are led to suggest that further investigation of this dependence employing LAOs may be fruitful. Only a few implementations of current-dependent DFT have been presented and only a few current-dependent functionals have been proposed; the present benchmark set could provide useful data for benchmarking a current-dependent DFT implementation of magnetic response property calculations with LAOs. 
